The I -V characteristics of CoFeB/MgO/CoFeB magnetic tunnel junctions show pronounced nonlinearities which are relevant both for sensor applications and for the basic understanding of spin-dependent tunneling. To study the relation between the tunnel characteristics and the tunnel magnetoresistance (TMR) ratio, a series of CoFeB/MgO/CoFeB junctions was annealed with stepwise increasing annealing time at different temperatures. The related TMR ratio and the I -V characteristics were measured in the temperature range between 15 K and 300 K. This allowed the comparison of I -V characteristics of the same junction for TMR ratios between 25% and 150% at 300 K thus eliminating the influence of variations in the preparation process of separate individual samples. In addition to a zero bias anomaly observed in particular at low temperatures and for large TMR ratios, a conductance anomaly in the I -V curves was observed around a bias voltage of 350 mV. A general correlation between the deviation from Ohmic I -V characteristics and the TMR ratio was found both for parallel and antiparallel magnetizations of both ferromagnetic layers. This means that the shape of the I -V curves directly scales with the spin polarization of the tunneling current and the proportion of coherent electron tunneling. Both the 350 mV conductance anomaly and the correlation between non-Ohmic characteristics and the TMR ratio can be explained by considering the contributions of the relevant majority and minority spin bands of the ferromagnetic contacts.
I. INTRODUCTION
Magnetic tunnel junctions (MTJs), i.e., two ferromagnetic films separated by a thin insulating barrier layer, which show the tunnel magnetoresistance (TMR) effect, have been extensively studied due to their wide applications in a variety of spintronic devices like magnetic field sensors in hard disk drives, and as nonvolatile magnetic memories or microwave nano-oscillators. The TMR ratio is defined as TMR = (R AP − R P )/R p , where R P (R AP ) are the resistance values for the parallel [P](antiparallel [AP] ) magnetization state of the two ferromagnetic layers. The origin of the difference in resistance between the P and AP state is the spin dependence of the tunneling probability of electrons and, hence, the spin polarization of the tunneling current through the barrier [1] .
Early experiments with MTJs mostly used amorphous AlO x as a barrier material. These types of MTJs could be described with Julliere's model [2] , which is based on the total electron spin-polarization at the Fermi level. In this model, the maximum possible TMR ratio is limited by the spin-polarization of the electrode material and amounts to values of up to 70% for typical metallic ferromagnets [3] .
Higher TMR ratios were first predicted [4, 5] and then experimentally confirmed [6, 7] for single-crystalline MgO barriers with crystalline electrodes. In contrast to amorphous AlO x barriers, tunneling in this system is coherent, the symmetries of the Bloch electron wave functions are conserved, and evanescent states of tunneling electrons need to couple with electronic states in the barrier of the same symmetry and energy. The decay rate of the respective states in the barrier * Sebastian.Ringer@ur.de † Guenther.Bayreuther@ur.de determines the tunneling probability; thus, the barrier acts as a symmetry-filter. For the system of Fe/MgO/Fe, this means that the majority electronic states of 1 symmetry have by far the highest tunneling probability, leading to a nearly 100% spin-polarized tunneling current in ideal MTJs. In theory, this enables TMR ratios larger than 1000% [5] . Similar predictions were made for the system of CoFe/MgO/CoFe [8] .
Surprisingly, the highest TMR ratios have been observed in MTJs with amorphous CoFeB electrodes grown by sputtering. However, postdeposition annealing turned out to be crucial for achieving "giant" TMR ratios of 230% [9] , later even above 600% [10] at room temperature, and more than 1000% at 5 K [10, 11] . CoFeB grows amorphous when sputtered, while MgO grows polycrystalline beyond five atomic layers with a pronounced (001) out-of-plane texture [12] . During annealing, boron from the CoFeB layer is assumed to diffuse away [13, 14] , and layers of FeCo(100) crystallize at the MgO(100) interface, with the MgO serving as a template for FeCo(100) grains. Theoretical studies have indicated that a single atomic layer of crystalline Fe at the interfaces of a crystalline MgO barrier should be sufficient to achieve a giant TMR ratio [15] . Heat treatment also enlarges the grain size and reduces defects in the MgO barrier [16] , supposedly contributing to the observed increase of the TMR ratio.
The kinetics of the processes occurring during annealing have been studied in detail [17] [18] [19] . Specific useful information has been obtained from the time evolution of the TMR ratio during annealing. In particular, it was shown by in situ synchrotron-based x-ray diffraction that for annealing at 420
• C the gradual increase of the TMR ratio is primarily related to a progressive crystallization of the CoFeB electrodes [18] . However, in these studies the effect of annealing on the I -V characteristics was not considered. The TMR ratio is known to have its maximum at very low bias voltage and to decrease with increasing bias. For the CoFeB/MgO/CoFeB MTJs studied in the present experiment, the bias voltage for a 50% reduction of the TMR ratio compared to the maximum at low bias, V 1/2 , is around 300-400 mV. Optimization of MTJs, e.g., for applications as magnetic field sensors, therefore, requires a compromise between a large TMR ratio and a large enough voltage signal in order to obtain the maximum signalto-noise ratio. A systematic optimization procedure makes it necessary to know the I-V characteristics for the parallel and antiparallel state of the MTJ. Hence, understanding the mechanism behind the bias dependence of MTJs is an important step to improve their properties required for practical applications. Furthermore, studying the effect of annealing on the I -V characteristics might help to discriminate between several conceivable mechanisms. Several groups [20] [21] [22] have reported modifications of the I -V characteristics by annealing at particular temperatures, but the gradual evolution with annealing time of I (V ) together with the TMR ratio for various temperatures has not been studied quantitatively so far. It is the aim of the present paper to investigate the time dependence of I (V ) during annealing at different temperatures and correlate it with the time evolution of the TMR ratio. It is expected that this will lead to a deeper understanding of the bias dependence of the TMR ratio in general and of the underlying processes occurring during annealing of CoFeB/MgO-based MTJs in particular.
Several effects are known to affect the bias dependence of the differential conductance, G(V b ) = dI/dV b , in tunnel junctions: the electronic band structure of the electrodes and the barrier [22] [23] [24] [25] [26] [27] , defect scattering [28, 29] , magnon scattering [20, 25, 26, [30] [31] [32] [33] [34] , and phonon scattering [25, 33, 35] . [21, 24, 26, 30, 32, 33, 36] , is controversially interpreted either as signature of magnetic impurity scattering corresponding to the Kondo effect [32] , in particular by magnetic impurity scattering in the MgO barrier [36] , or as a consequence of electron-electron scattering at disordered interfaces [21] , or due to magnon excitations [24, 30, 31] .
(ii) A second anomaly around ±350 mV was also observed [20, 21, 22, 24, 25, 32] and related first to the electronic band structure of MgO [32] and later more specifically to certain features of the band structure of the ferromagnetic electrode [21] [22] [23] [24] [25] . A similar anomaly around ±200 mV observed in Fe/MgO/Fe MTJs has been explained with the role of the 5 majority band [23] .
The interpretation of the respective anomaly in CoFeBbased MTJs around 300-350 mV has been controversial: while in Ref. [22] , the CoFe 5 and 2 bands are ruled out from causing the anomaly, other authors suggest the 5 majority or the 1 minority band to be the origin of this anomaly [21] , or minority states with 5 symmetry [25] . This point will be discussed further below.
Although in Ref. [24] the effect of annealing on the anomalies was not explicitly investigated, a gradual decrease of the amplitude of the ZBA by a 1 hour anneal at increasing temperatures (200
• C, 250
• C, 300
• C) was found in Ref. [21] , but the kinetics of the ZBA and the 350 mV anomaly during annealing were not investigated. It is the intention of the present paper to study the evolution in time of the I -V characteristics of CoFeB/MgO/CoFeB MTJs by annealing at different temperatures in order to identify a possible correlation between the crystallization and diffusion kinetics responsible for the increasing TMR ratio and the peculiar features of the I -V characteristics. A particular procedure was adopted, which consists of consecutive annealing steps on identical samples. This allows us to avoid the influence of variations of substrate and growth conditions, which are inevitable if MTJs with different TMR ratio are fabricated separately. In the experiment, we found a universal correlation between the deviation from Ohmic behavior in the I -V characteristics and the TMR ratio, meaning that the I -V characteristics is directly related to the proportion of coherent electron transport irrespective of the particular preparation conditions of the individual MTJs. This could be explained based on the electronic band structure of the ferromagnetic electrodes.
II. EXPERIMENT
Magnetron sputtering was used to fabricate MTJs on thermally oxidized silicon wafers with a layer sequence of (top to bottom) CoFeB(2 nm)/MgO(1.5 nm)/ Mg(0.6 nm)/CoFeB(4 nm)/Ru(0.8 nm)/Co 75 Fe 25 (2.5 nm)/ PtMn(25 nm) using a sputtering target of Co 60 Fe 20 B 20 for the CoFeB layers. The use of a 0.6-nm-thick Mg layer next to the barrier is expected to absorb diffusing oxygen [25, 37] . The synthetic antiferromagnet CoFeB(4 nm)/Ru(0.8 nm)/Co 75 Fe 25 (2.5 nm) together with the antiferromagnet PtMn(25 nm) constitutes the pinned reference layer. Using photolithography and ion-beam milling techniques, junctions of 3 × 24 μm 2 were microfabricated. The shape induces a pronounced in-plane magnetic anisotropy that ensures well-defined parallel and antiparallel magnetic states even when no exchange bias with the antiferromagnet has yet been established. As a result, P and AP states could be safely switched even in as-deposited junctions (prior to any annealing step).
Annealing was done in a N 2 and He flooded box at temperatures of 200
• C, and 350
• C. At each temperature, a set of four as-deposited MTJs were annealed, making a total of 16 MTJs used in this experiment. Each MTJ was always annealed at the same temperature. To study the evolution of the MTJ properties with increasing annealing time, the annealing process was done step by step with TMR and I -V measurements between the steps. Experimental data shown in the subsequent figures refer to individual junctions, except as will be seen in Fig. 8 , which compiles the data for all 16 junctions.
The annealing time for each step was chosen empirically to produce a modest increase of the TMR value, which meant longer annealing times for lower temperatures (one step up to 6 hours) and shorter times for higher temperatures (10 minutes for the shortest). There were seven annealing steps for each junction. For a precise control of the annealing times, the samples were placed on a preheated hot plate at the beginning of each annealing step. At the end of the annealing time, the wafer was put in close contact with a cool Al bar. A constant magnetic field of 0.5 Tesla along the long axis was applied during the entire annealing and cooling process. The lowest annealing temperature of 200
• C was empirically chosen as the temperature at which annealing for a reasonable time started to increase the TMR ratio. The temperature of 350
• C was the highest technically accessible. The I -V measurements were performed at a probe station with a four-point dc measurement at room temperature using a Keithley 2400 sourcemeter. Before an I -V measurement, magnetoresistance curves R(H ) were measured [see Fig. 1(a) ] to determine the magnetic field values required to switch between the P and the AP state.
III. RESULTS AND DISCUSSION
Figure 1(a) shows two typical magnetoresistance curves R(H ) measured with a bias voltage of V = 40 mV at room temperature. The higher TMR ratio of 149% after annealing at 350
• C compared to the 200 • C anneal with a TMR ratio of 73% results from both a lower R A and a higher R AP . This behavior was observed for all junctions.
The typical evolution of the TMR ratio with annealing time for different annealing temperatures is shown in Fig. 1(b) ; the four MTJs shown are representative of the total of 16 junctions studied. The variation in TMR is less than 3% for MTJs that were subject to the same annealing procedure. A rapid increase of the TMR ratio is seen at the beginning, in particular for annealing temperatures of 300
• C and above, followed by a slower increase. The same behavior has been reported by Wang et al. before [17] . In a subsequent paper [18] , these authors studied the kinetics of crystallization processes by x-ray diffraction and electron microscopy and identified the crystallization of CoFeB in an inhomogeneous solid-state epitaxy mode. By combining the time evolution of CoFeB crystallization with spin-dependent coherent tunneling, which is strongly affected by the defect density in the MgO barrier, they later attempted to quantitatively separate the contributions of structural changes in the barrier and the electrodes during annealing [19] . The unknown (time-dependent) defect density and exact concentration of impurities in the MgO barrier precluded a complete separation of relevant microscopic processes, but two contributions were identified: the initial rapid increase of the TMR ratio is mostly due to the fast crystallization of CoFeB, while the subsequent slow increase is mostly due to the contribution from the MgO barrier [19] .
Because a quantitative correlation between the TMR ratio and structural parameters during annealing is not available [19] , we use a phenomenological approach based on an exponential time dependence typical of relaxation phenomena. Assuming just a single relaxation time τ for the increase of the TMR ratio according to
does not give a reasonable fit to the experimental data, as seen in Fig. 2(a) . The assumption of two relaxation processes with different time constants according to
however, allows us to fit the data of all 16 MTJs quite well; one example of this is shown in Fig. 2(b) . This means that the annealing behavior is governed by at least two different processes, in agreement with the interpretation of Wang et al. [19] . While the fast process can be identified with the crystallization of the CoFeB electrodes, an explicit discrimination between the effects of lattice defect density and impurity concentration in the MgO layer related to the slow process is not possible at present [19] . Nevertheless, our observations agree with the detailed investigation of the annealing kinetics by Wang et al. [19] , including nearly the same TMR ratio after comparable annealing time and temperature. This ensures that discussing the evolution of the I -V characteristics during annealing in the following refers to typical intrinsic properties of CoFeB/MgO/CoFeB MTJs. Furthermore, knowing how the TMR ratio evolves with annealing temperature and time allowed us to prepare MTJs with a specific TMR value obtained by different annealing procedures, i.e., either by a long anneal at a low temperature or a shorter anneal at a higher temperature. This will be essential for the interpretation of non-Ohmic tunnel characteristics below. Before, we discuss the bias dependence of typical I -V curves.
The bias dependence of the MTJs was measured at every data point (four MTJs per data point) during the annealing procedure shown in Fig. 1(b) . The differential resistance (R d ) vs voltage curves is shown in Fig. 3 for a junction annealed at 
250
• C [ Fig. 3(a) ] and 350
• C [ Fig. 3(b) ] for both the parallel and antiparallel magnetization of the free and the pinned layer after the first and last annealing step. The data shown are typical for all the MTJs studied here. This differential resistance R d = dV /dI shows variations of the I -V behavior more clearly than the normal (nondifferential) resistance R = I/V .
As can be seen in Fig. 3 , R d of both states exhibits a non-Ohmic characteristic, i.e., a strong bias dependence. In general, R d decreases with increasing absolute bias, as expected for electron transport by tunneling [38, 39] . The decay of R d with increasing bias is stronger for the AP configuration than for the P configuration, resulting in a lower TMR ratio at higher bias. As can be seen in Fig. 3(a) , the increase in TMR through annealing does not only arise from an increased R d (AP ) but also from a decreased R d (P ). At 350
• C, 10 minutes annealing reduces R d (P ) as well (not shown), but after 350 minutes annealing R d (P ) has slightly increased.
According to Wang et al. [19] , this is attributed to diffusion of Mn into the MgO barrier and will eventually lead to a reduced TMR ratio.
The change of R d during annealing for both states and its bias dependence are even more pronounced at low temperature. Figure 4 shows measurements of R d (V ) at 300 K, 200 K, and 15 K of a sample with 147% TMR at 300 K. At 15 K, two anomalies are clearly discernible: (i) a ZBA can be seen as a sharp tip mainly in the AP state, originating either from magnetic impurity scattering in the MgO barrier [32] (Kondo effect [36] ) or from electron-electron scattering at disordered interfaces [21] and (ii) flat local maxima around ±350 mV at 15 K mainly in the P state, which result in a flat plateau at higher temperatures (see Fig. 3 ).
The origin of the 350 mV anomaly in CoFeB/MgO MTJs was first supposed to be connected with the electronic band structure of a MTJ with a crystalline barrier/electrode interface [32], allowing coherent tunneling of electrons. Recently, the origin of this anomaly was discussed by Teixeira et al. [24] on the basis of the calculated band structure of bulk body-centered cubic (bcc)-Fe and bcc-Co, which is shown in Fig. 5 .
For a Fe/MgO/Fe junction, the current at low bias in the P state is carried mainly by the 1 majority spin state 1↑ with small contributions from the 5 majority and minority bands, 5↑ and 5↓ , and the 2 minority band 2↓ , while the contribution from the 2 majority and minority bands should be negligible due to their extremely strong damping in the barrier [4] . If the bias voltage exceeds a value of about 100 mV, the energy of electrons after coherent tunneling through the barrier is higher than the top of the 5 and 2 majority bands; hence, these bands will not form a coherent conduction channel any longer [23] ; therefore, we expect a drop in conductance or an increase of resistance, respectively. A corresponding P state conductance anomaly is therefore expected around 100 mV for a Fe/MgO/Fe MTJ. In the AP state, the 1 band will not conduct for low bias, only the 5 and 2 states will carry a relatively small current. Above 1.3 V, the 1 minority spin band, 1↓ , will start to conduct, and an increase of conductance is expected, i.e., a different conductance anomaly will appear in the AP state. Experimentally for Fe/MgO/Fe epitaxial MTJs, a peak in the tunnel spectra (d 2 V /dI 2 vs V ) for the AP state slightly above 1000 mV has indeed been observed by Ando et al. [27] and related to the 1↓ band conductance anomaly just described. In a discussion of this anomaly by Yuasa and Djayaprawira [1] , a steplike increase of the tunnel conductance was schematically assumed as soon as the 1↓ band starts to conduct. The tunnel spectrum, however, shows a broad peak instead of a δ-function [27] . This can be understood by assuming that after crossing the band edge, the tunnel conductance increases gradually from zero instead of a sudden jump because of the growing phase space available. For the same reason, the effect causing the conductance anomaly around 100 mV will show up as a gradual decrease of the conductance until it vanishes when the electron energy exceeds the top of the 5 and 2 majority bands at about 100 mV.
For bcc-Co, the Fermi level is shifted upwards compared to bcc-Fe, as illustrated in Fig. 5(b) , in the spirit of a rigid band model. In the P state of a bcc-Co/MgO/bcc-Co MTJ, the current at low bias will again be carried mainly by the 1 majority spin band, with a small contribution from the 2 , 5 , and 2 minority spin bands. With increasing bias the electron energy at the interface to the second electrode will excel the top of the 2 minority spin band at a value of 230 mV [40] . Consequently, the conductance will drop at this bias value. This effect was regarded as the origin of the conductance anomaly in CoFeB-based MTJs in the P state in Ref. [24] ; the shift to higher bias (350 mV instead of 230 mV), which was not discussed by the authors, can be explained by assuming that a Co-rich bcc-CoFe alloy is formed at the interface during the annealing process with the Fermi level lying somewhat below that of bcc-Co according to the rigid band model adopted here.
In the AP state of a bcc-Co/MgO/bcc-Co MTJ, the 1 band of bcc-Co will not conduct for low bias, and the 2 , 5 , and 2 bands will not contribute to conduction because the respective majority spin bands are well below the Fermi level; therefore, coherent tunneling is totally suppressed and a markedly higher TMR ratio is expected compared to a MTJ with Fe electrodes [1, 8] . The TMR ratio will not approach infinity because an incoherent background conductance will be present in a real junction. However, if the bias voltage exceeds 230 mV, the 1 minority spin band will provide a coherent conduction channel, and the total conductivity will increase, thus again producing a conductance anomaly. As mentioned before, for Co-rich CoFeB-based MTJs, the anomaly is expected at somewhat higher bias around 300-350 mV.
For the same reasons discussed above for bcc-Fe, for bcc-Co/bcc-FeCo we expect the shape of both anomalies to correspond to a gradual decrease of conductance below 230 mV/350 mV (P state) or a gradual conductance increase above 230 mV/350 mV (AP state), respectively. This is schematically shown in Fig. 6(a) for Co and Co-rich CoFe electrodes. For simplicity, gradual transitions are assumed. Anomalies in the P and AP state are visible in Fig. 4 at the same voltage, more pronounced at lower temperatures. The same data plotted as differential conductance in Fig. 6(c) indeed have a clear similarity to the expected behavior shown in Fig. 6(b) . The deviation for low bias (V < 200 mV) is due to the ZBA, which is present in the data but not taken into account in the underlying model.
This supports the interpretation of the P state and AP state conductance anomalies as being related to the energies of the 1↓ and the 2↓ band edges and, therefore, disagrees with Ref. [25] where the authors conclude from a qualitative reasoning that most likely the 5 states are responsible for the conductance anomaly around 300 mV.
The interpretation given above only considers coherent transport. In addition, the relative proportion of incoherent transport channels increases with growing temperature (Fig. 4) , increasing bias voltage and higher disorder (Fig. 3) . All these factors lead to a lower TMR ratio and should be closely connected with the distinctness of the 350 mV anomaly (Fig. 4) .
For technical applications of MTJs, the behavior at room temperature is most important. To test the relevance of the 350 mV anomaly in this case, we define the parameter R d , which describes the deviation from Ohmic I -V behavior of the R d (V ) curves for the P and AP states at room temperature in the bias region from 75 mV to 275 mV, i.e., the region of the plateau seen in the P state R d (V ) curve in Fig. 3(b) : • C between 40% and 70% TMR, 250
• C between 70% and 110% TMR, 300
• C between 110% and 140% TMR, and 350
• C between 135% and 150% TMR.
averaged between 75 mV and 275 mV. The lower bound of 75 mV was chosen to minimize the influence of the ZBA; by choosing an upper bound of 275 mV, it was expected to effectively capture the flattest part of the R d vs V curves in Fig. 3 , which is related to the 350 mV anomaly, and to exclude the effect of the anomaly in the AP state expected above 350 mV. Two facts are evident from Fig. 7 : (i) the I -V curves are always more Ohmic-like in the P state compared to the AP state, and (ii) with increasing TMR ratio the conduction becomes more Ohmic in the P state and less Ohmic in the AP state.
To explain these findings we assume that the total tunneling current consists of two components: (i) a component resulting from coherent tunneling of electrons that is governed by the band structure of the materials involved, and (ii) a component related to incoherent electron transport that can be described by a basic model of quantum mechanical tunneling of free electrons. The differential conductance in the case of incoherent tunneling is Ohmic at a very low bias and approximately parabolic at intermediate voltages (e.g., up to 1-2 V) according to Simmons [38] .
The incoherent process is the only one observed in tunnel junctions consisting of polycrystalline electrodes and an amorphous barrier. In contrast, coherent tunneling requires a welloriented single-crystalline layer stack. We further assume that with increasing structural quality of a CoFeB/MgO/CoFeB tunnel junction during annealing, the proportion of coherent tunneling increases leading to an increase of the TMR ratio.
In the P state, the coherent tunnel current in a CoFe/MgO/CoFe MTJ with high Co content is carried mainly by the 1 majority spin band with small contributions from the 2 , 5 , and 2 minority spin bands, as illustrated in Fig. 5 . While the I -V characteristics related to the 1↑ band are expected to be roughly Ohmic [41] , the 2↓ conductance produces a negative slope for the conductance vs bias, G (V ), between 0 and 350 mV, as sketched in Fig. 6(a) . This negative slope will compete with the positive slope of the incoherent tunnel conductance present in a non-ideal MTJ, resulting in less bias dependence for the combined conductance, i.e., a more Ohmic I -V curve for a bias below 350 mV in the case of CoFe, as shown in Fig. 6(b) . As a consequence, the deviation from Ohmic behavior quantified by the parameter R d in the range between 75 mV and 275 mV will decrease with an increasing proportion of coherent tunneling, i.e., with increasing TMR ratio. This is exactly what is shown in Fig. 7 for R P d . For a high proportion of coherent transport, R P d can even become negative, as seen in Fig. 4 for the 15 K data. At room temperature, we expect this will also happen at high TMR ratios, e.g., for current record values above 500%. This remains to be checked experimentally.
In the AP state, on the other hand, coherent tunneling is not allowed in a MgO-based MTJ with bcc-Co or Corich bcc-CoFe contacts for low bias (below 230/350 mV for Co/CoFe) according to the band structure shown in Fig. 5(b) . In this case only incoherent tunneling processes are possible, and the deviation from Ohmic I -V relation, R P d , is the maximum possible. If, however, structural defects lead to electron scattering with spin flip, (quasicoherent) electron transport, as described above for the P state, is again possible. Also, a certain proportion of misoriented grains might be present, which allow local coherent transport via different bands. As a consequence, R P d will be lower than for purely incoherent transport. Annealing increases the crystalline quality and reduces this local coherent transport as well as spin-flip scattering. Therefore, R P d will increase and gradually approach its maximum value for purely incoherent tunneling.
Within this interpretation, both facts concluded from Fig. 7 -that I -V curves are always more Ohmic-like in the P state compared to the AP state and that with increasing TMR ratio the conduction becomes more Ohmic in the P state and less Ohmic in the AP state-can be consistently understood as well as the appearance of the 350 mV anomaly, which during annealing becomes more distinct in both the P and AP state, even more so at lower temperatures.
The most remarkable observation in Fig. 7 is an apparent universal relationship between R P /AP d and the TMR ratio for all junctions with 256 different annealing states which was not a priori expected. If two MTJs were annealed to the same TMR ratio, no matter the annealing time or temperature, the deviation from Ohmic behavior expressed by the parameter R P /AP d is the same. This finding indicates that the character of the I -V curve is uniquely related to the degree of spin polarization of the tunnel current and, therefore, to the degree of coherent electron transport.
This universal relation between the TMR ratio and the I -V characteristics is expected to be of practical relevance for a variety of sensor applications of MTJs. In particular, in many cases it is not sufficient to maximize the TMR ratio but rather the signal-to-noise ratio of the sensor signal in a given bias range. The close relation of the I -V characteristics to the band structure of the ferromagnetic electrodes found in this contribution may help in selecting the optimum material for specific applications. Furthermore, the 350 mV conductance anomaly (e.g., seen in Fig. 4 ) can be exploited to get an estimate of the alloy composition at the FeCoB/MgO interface after the annealing process required to achieve a high TMR ratio: different diffusion constants of Fe, Co, and B will lead to an interface alloy composition, which is a priori unknown but to a large extent determines the TMR ratio and specific features of the I -V characteristics. The bias voltage range of the conductance anomaly-about 230 mV for bcc-Co and about 1.2 V for bcc-Fe-can serve as a rough indication of the actual interface composition, which is very difficult to find out by any other method. For this purpose, detailed measurements of the 1 minority band edge by tunneling spectroscopy on the one hand and ab initio calculations of the band structure for a wide range of interface alloy composition on the other would be of great value.
In conclusion, we have shown that the I -V characteristics of CoFeB/MgO/CoFeB MTJs are intimately connected with the band structure and the structural quality of the layer materials. The deviation from Ohmic behavior shows a universal relationship with the TMR ratio and hence with the amount of coherent electron tunneling. In the parallel state, the nonmonotonic tunnel conductance as a function of bias voltage below 350 mV mainly originates from a conductance anomaly, which is a consequence of the position of the 2 minority spin band in the bcc-CoFe contact material. We also propose that the position of the 1 minority spin band is responsible for an anomaly in the AP state, which was not considered for CoFeB-based MTJs previously [24] .
Recently it has been reported [42] that electron tunneling in epitaxial FeCo/MgO/FeCo(001) MTJs cannot be completely understood on the basis of the band structure calculated for bulk material like the one shown in Fig. 5 , which predicts the highest TMR ratio for pure bcc-Co electrodes. Instead, a 1↓ interface state is proposed to cross the Fermi energy with increasing Co content, thus limiting the maximum attainable TMR ratio that is observed around 25% Co. Applying this conclusion to our data, however, does not seem meaningful mainly because the exact structure and the actual alloy composition (here nominally Co 75 Fe 25 ) at the electrode/MgO interfaces are not known. It is unclear whether such an interface state is formed in our samples; the presence of boron could suppress such a state or shift its energy relative to the Fermi level. A detailed chemical and structural analysis of the interfaces in CoFeB-based MTJs on the atomic level would be required but seems rather difficult to achieve.
For the same reason, earlier ab initio calculations of the bias dependence in Fe/MgO/Fe tunnel junctions [41] have only minor relevance for a quantitative interpretation of the present I -V characteristics. By considering only coherent transport, the authors for an ideal junction found nearly perfect Ohmic behavior in the P state, a very low conductance with weak bias dependence in the AP state, and dramatic changes of the conductance if one or both interfaces consisted of a monolayer of FeO. This reflects the strong influence of interface states. For a fundamental understanding of the present experimental results, calculations of Refs. [25] and [41] should be extended to structural models, which reflect the precise atomic interface configurations evolving during the gradual annealing process. This will remain a serious challenge.
Several open questions deserve further experimental investigation, in particular whether R P d indeed changes sign for very large TMR ratios of 500% or more and whether the universal relationship between R P /AP d and the TMR ratio persists for such high TMR ratios. The conductance anomalies found in the present work can be qualitatively understood based on the bulk band structure of FeCo alloys within a rigid-band model, but the unknown precise atomic interface structures of annealed FeCoB/MgO/FeCoB tunnel junctions constitute a serious obstacle to a full understanding of these anomalies based on realistic ab initio calculations of the electronic states and spin-dependent transport at these interfaces.
